Soil and fertilizer management during cultivation can affect crop productivity and profitability. Long-term experiments are therefore necessary to determine the dynamics of nutrient and root distribution as related to soil profile, as well as the effects on nutrient uptake and crop growth. An 18-year experiment was conducted at the Federal University of Rio Grande do Sul State (UFRGS), in Eldorado do Sul, Brazil, on Rhodic Paleudult soil. Black oat and vetch were planted in the winter and corn in the summer. The soil management methods were conventional, involving no-tillage and strip tillage techniques and broadcast, rowand strip-applied fertilizer placement (triple superphosphate). Available P (Mehlich-1) and root distribution were determined in soil monoliths during the corn grain filling period. Corn shoot dry matter production and P accumulation during the 2006/2007 growing season were determined and the efficiency of P utilization calculated. Regardless of the degree of soil mobilization, P and roots were accumulated in the fertilized zone with time, mainly in the surface layer (0-10 cm). Root distribution followed P distribution for all tillage systems and fertilizer treatments. Under no-tillage, independent of the fertilizer placement, the corn plants developed more roots than in the other tillage systems. Although soil tillage systems and fertilizer treatments affected P and root distribution throughout the soil profile, as well as P absorption and corn growth, the efficiency of P utilization was not affected. Index-terms: soil tillage, P fertilization, utilization efficiency.
INTRODUCTION
Adequate soil tillage is fundamental for profitable and sustainable environmental systems. The degree of soil tilling required in a given situation is directly related to the method of soil management. When the soil is not revolved, organic matter and nutrients can accumulate in the soil surface (Eltz et al., 1989) , especially in tropical and subtropical regions. In Brazil, no-tillage systems (NT) have expanded exponentially since the early 1990s, reaching an area of 26 million ha by (FEBRAPDP, 2008 . The use of NT establishes new soil relationships, which are affected by tilling degree and the pattern of nutrient distribution, both acknowledged important characteristics (Anghinoni & Barber, 1980) , affecting the volume of fertilized soil, and consequently, the availability of plant nutrients (Anghinoni, 2004) .
Phosphorus is most strongly influenced by soil and fertilizer management (Model & Anghinoni, 1992) due to the low nutrient diffusion in the soil (Barber, 1995) and reduced availability in oxidic soils (Novais & Smyth, 1999) . Six factors have been reported as highly important in relation to P fertilizer management: initial soil P content, rate of P application, volume of fertilized soil, soil texture, fertilizer characteristics and soil mineralogy (Anghinoni, 2004) .
The initial high P availability due to the absence of tilling and the direct application of soluble P fertilizer (i.e., row placement), results in an abundant P supply during the early development stages of a crop (Anghinoni, 1992) . It is also expected that when the fertilizer is mixed with an intermediate soil volume (between that of row-application and broadcast treatment methods), and when the fertilizer is incorporated into the soil, the resulting corn grain yields are higher (Barber, 1995; Brown, 1996) . However, fertilizer treatment can be less important when a soil already contains adequate P levels for crop growth and production (Bordoli & Mallarino, 1998 ). An evaluation of the root system is therefore an important characteristic, since root distribution reveals the effects of tillage on the soil physical and chemical conditions. Root distribution near the nutrient-enriched zone favors plant establishment, and in later development stages, the distribution of roots throughout the soil profile becomes very important for nutrient and water absorption, primarily in periods of hydric stress (Gregory, 2006) .
Phosphorus accumulation due to local fertilizer applications in NT results in concentrations of roots near the surface and along the rows (Mackay et al., 1987; Klepker & Anghinoni, 1993) . On the other hand, extremely high soil P concentrations can cause deleterious effects to plants by increasing the osmotic pressure that damages the root apical meristem (Barber, 1995) . Special attention is therefore required when working with soil tillage systems and fertilizer treatments, to prevent high P and root accumulation in a limited soil volume (Klepker & Anghinoni, 1993) .
In addition to increasing the degree of soil salinity, local fertilizer treatments can result in higher root concentrations in these micro-regions, reducing water availability. As a result, nutrient diffusion to the roots is reduced, as in the case of P (Davis & Zhang, 1991) . In this regard, higher root growth in small fractions of fertilized soil does not necessarily result in increased levels of total root growth. Higher efficiency of P utilization (EPU) can be achieved with broadcast treatment and applications as used in conventional and strip soil tillage (Klepker & Anghinoni, 1993) .
It is therefore expected that fertilizer placement and soil tilling affects P distribution which in turn influences root distribution and is, consequently, related to P use efficiency by corn plants.
The present research was conducted to evaluate, primarily, the effect of soil tillage systems and fertilizer treatments, over the course of 18 years, on P and root distribution throughout the soil profile, and how the distribution affected P use efficiency by corn plants.
MATERIALS AND METHODS
The experiment started in 1988 at an Experimental Station of the Federal University of Rio Grande do Sul (Brazil) in Eldorado do Sul, Rio Grande do Sul (Brazil), on a Rhodic Paleudult clay loam soil. The 0-20 cm layer contained: 22, 14, and 64 g kg -1 of clay, silt and sand, respectively, and 36, 109 and 720 g kg -1 of dithionite-citrate-bicarbonate soluble Fe, ammonium oxalate soluble Fe and caulinite, respectively. The experimental plots were located in hilly to smooth-hilly land formations with mean declivity of 0.03 m m -1 . The mean annual rainfall in the region is 1440 mm and the climate subtropical with warm humid summer weather (Cfa), according to the Köppen classification.
The experimental area was maintained as a native field until 1974 and then conventionally tilled in the following two years (1975) (1976) . Until the beginning of the experiment, in 1988, the fallow period was interrupted only once, in 1985, by the cultivation of black oat (Avena strigosa, S.), under conventional tillage.
In May of 1988, lime was applied to the experimental area and was incorporated into the soil by one disk plowing and two diskings. Liming was followed by cultivation of black oat. After harvest, in October of the same year, soil tillage systems and fertilizer treatments were applied prior to corn (Zea mays L.) sowing. The initial main soil chemical properties, in the 0-15 cm soil layer, before applying the treatments were: pH H 2 O 5.2; P and K (Mehlich-1) 2.5 and 132 mg dm -3 , respectively; and 30 g kg -1 of organic matter.
The following tillage systems were used: conventional tillage (CT-one-disk plowing at 15 cm depth and 50 cm width; two disk plowings at a depth of 15 cm); strip tillage (ST-by moldboard plowing of a 20 cm wide strip at a depth of 15 cm, in the corn seedling lines) and no-tillage (NT-by opening a row at a depth of 5-8 cm in corn seedling lines). Plowing was performed in opposite directions in alternate years. Triple superphosphate and KCl were applied using various techniques: broadcast (Brd-applied evenly by hand over the surface of the whole plot, mixed with the soil in conventional tillage or left on the soil surface in strip and no-tillage); strip (Stp-in a 20 cm-wide strip in corn sowing rows, with incorporation into the soil in conventional tillage and strip tillage, and left on the surface in no-tillage treatment) and row (Rowat a depth of 5-8 cm and width of 5 cm, with opened rows in seedling lines for all tillage systems).
The experiment was carried out in a randomized block design, in a 3 x 3 bi-factorial scheme, separated by 5 m strips, in split-plot design, with soil tillage systems in the main plots (24 x 12 m) and fertilizer treatments in the split-plots (12 x 8 m), with three replications. From October 1988, the following cropping sequence was used: corn during spring/ summer seasons and black oat + vetch (Vicia sativa) during autumn/winter seasons, with liming reapplications every four years, after the first application in 1988, aiming at a pH (SMP method) of 6.0. Lime was incorporated in all conventional and strip tillage systems; for the no-tillage system, lime was surface-applied and all crop residues of corn, vetch and black oat, were left on the surface. From 1988 From to 2006 , and 70 kg ha -1 of N, P 2 O 5 and K 2 O, respectively, were applied annually.
For this study, corn was sown (Pioneer 30R50 hybrid) on October 20, 2006, after the application of tilling and fertilizer treatments, with a seedling density of 5-7 plants m -1 and 1 m distance between lines. The corn sowing rows were at the same place as in the previous seasons. Prior to the treatments, the primary soil chemical properties in the 0-15 cm layer were determined as follows: pH in water 5.2; organic matter 30 g kg -1 ; P and K (Mehlich-1) 8.0 and 130 mg dm -3, respectively, 0.2, 4.0,1.8 cmol c dm -3 of exchangeable (1.0 mol L -1 KCl) Al 3+ , Ca 2+ , Mg 2+ , respectively, and 7.0, 1, 1.5, 0.5 and 20 mg dm -3 of exchangeable S, Zn, Cu, B and Mn, respectively. Based on these results, there was no need for micronutrient applications, and 60, 150 and 100 kg ha -1 of N, P 2 O 5 and K 2 O, using urea, triple superphosphate and potassium chloride, respectively, were applied evenly, independent of the P fertilizer treatments, aiming at a corn yield of > 8 Mg ha -1 , based on recommendations of CQFSRS/SC (2004). Fifteen days after emergence (DAE), plants were selected to maintain a stand of 5 plant m -1 (50,000 plants ha -1 ); at 35 DAE 60 kg ha -1 of N in the form of urea were top-dressed. Corn was cultivated with overhead irrigation; in six irrigations, supplying 25 mm of water each, from November to R. Bras. Ci. Solo, 33:1237 Solo, 33: -1247 Solo, 33: , 2009 February, (corresponding to the drought period) (Figure 1 ), resulting in a total of 150 mm of water in the total cycle. Adding this value to the 721 mm rainfall, the crop was supplied with 871 mm of water throughout the growth cycle.
Soil monoliths were sampled (August 01, 2007) for P and root distribution throughout the soil profile, during the corn grain filling period (drought stage), in two of the three replications, under the following tillage systems and fertilizer placement combinations: CT with lime and fertilizer incorporation in Stp, Brd and Row (3); NT without lime incorporation and fertilizer treatment in Row and Brd (2) and ST with liming and fertilizer incorporation in Stp (1), resulting in 12 sampled plots. These monoliths (10 cm thick) were sampled in pits perpendicular to corn seedling lines cut open with a wooden board (50 x 40 cm) with sharp metal blades (5 x 5 cm), according to the Schuurmman & Goedewagen (1971) method, modified by Pedó (1985) . Each monolith (50 x 40 x 10 cm) was subdivided into four depths (0-5, 5-10, 10-15 and 15-20 cm) at four singular different distances from each side of the corn stalk (0-5, 5-10, 10-15 and 15-25 cm) (4 x 8 = 32) and two depths (20-30 and 30-40 cm) with five horizontal stratifications (5-5, 5-15, 15-25, 25-15 and 15-5 cm) (2 x 5 = 10), respectively, resulting in 42 (32 + 10 = 42) soil samples. In each monolith, soil and roots were separated in adjacent layers, so that there was one root sample for each soil sample.
Simultaneously with soil monolith sampling, a plant corresponding to each sample monolith was collected and shoot dry matter production (SDMP) and P content (Tedesco et al., 1995) were determined, allowing the calculation of P shoot accumulation (PA). Following these procedures, efficiency of P utilization was determined (EPU = SDMP 2 PA -1 ) as proposed by Siddiqi & Glass (1981) . Available P (Mehlich-1) was determined in soil samples collected in the monoliths (Tedesco et al., 1995) .
Root length was obtained using digital scanned images (Epson CX 4100) followed by the use of SIARCS 3.0 software (Guimarães et al., 1997) . Based on the root length, root density was calculated as the ratio of root length/soil volume (cm cm -3 ). Phosphorus and root distribution throughout the soil profile were obtained by the use of graphs generated from Sigma Plot 10.0 ® (Systat Software, Inc.), which allowed the elaboration of spatial distribution maps.
For variance analysis of available P and roots in the sampled monolith layers, the following model was used:
where μ = overall experiment mean; S = soil tillage systems (i = 1,2,3,4,5,6); D= depth (j = 1,2,3,4,5,6) and Error = experimental error.
For evaluation of shoot and total root length in the monoliths, the following model was used:
where μ = overall experiment mean; S = soil tillage systems (i = 1,2,3,4,5,6); and Error = experimental error. When the variance analysis was significant, the Tukey test (p < 0.05) was applied.
RESULTS AND DISCUSSION
Available P content was high down to a depth of 20 cm, according to CQFSRS/SC (2004) , despite the adopted soil tillage system (Figure 2a ). The initial soil P content and the accumulation that occurred during the previous 18 years under phosphate fertilization could explain such high values. Available P concentrations (Figure 2a ) and root density throughout the soil profile (Figure 2b ), as expected, were concentrated in the surface layer and decreased with depth. The effects of soil tillage systems and fertilizer treatments on P distribution in the soil profile were observed down to a depth of 15 cm. Such effects on corn root density were only verified in the 0-5 cm layer, as reported by DeMaria et al. (1999) for P and by Rasmussen (1999) for root distribution. Higher corn root density in the surface layers can be due to corn root architecture (Venzke Filho et al., 2004) . Although aggregate stability impacts root distribution in soils under no-till system (Manske & Vlek, 2002) , it seems that nutrient accumulation in the soil surface layer is of primary importance, especially of nutrients with low soil mobility, such as P.
The P values in the ST/Stp system tended to higher along the soil profile (Figure 2a) , followed by CT/Stp and NT/Row. Except for CT/Brd and CT/Row, these contents were higher (p < 0.05) in the other tillage systems at a depth of 5 cm. However, higher values occurred in deeper layers, at a depth of 10 cm in the CT/Stp and NT/Row treatments, and at a depth of 15 cm in the ST/Stp treatment. In relation to root density, lower density values were observed in the CT/Row and CT/Brd systems, following P availability and highlighting the importance of root growth in the NT/Row treatment down to a depth of 40 cm.
Successive fertilization treatments led to P accumulation, mainly in soils with low levels of P adsorption, despite the adopted tillage system (DeMaria et al., 1999) . Strip applications, which result in fertilized volumes intermediate between those of the row and broadcast methods, can result in higher surface P values, even with different degrees of soil mobilization (Zerboune, 1996) .
The high available P concentration in the 5-10 cm layer (Figure 2a ) following localized application without soil tilling (NT) is due to the fertilizer treatment of the seed bed, at a depth of 5 -8 cm. On the other hand, the weaker and more uniform P distribution in the soil profile when the fertilizer is incorporated indicates a mixing effect in soils with higher P adsorption capacity (Anghinoni, 1992) . Available P values below the critical level for this soil (12 mg dm -3 ) (CQFSRS/SC, 2004), observed in the 20-30 and 30-40 cm layers independent of the adopted tillage system, are a result of the low P mobility, even in soils with low P adsorption capacity (Rheinheimer et al., 2003) . In Rhodic Paleudult soils, due to the texture gradient and increased P retention by the clay fraction, P availability in the deeper layers is expected to be lower (Hussain et al., 1999) .
Phosphorus accumulation in the soil surface under no-till is also a result of P cycling by crops (Santos & Tomm, 2003) . This phenomenon results from decomposition of shoot residues in the soil surface and root decomposition concentrated in the 0-5 cm layer, especially in the NT/Brd and CT/Stp treatments ( Figure 2b and Table 1 ). The higher root density in the NT/Row treatment group, from 10 cm below the soil surface ( Figure 2b and Table 1 ) is a result of both no tilling and fertilizer placement effects. Although physical properties such as macro porosity, pore continuity and soil bulk density can restrict root growth, especially in the case of Rhodic Haplodults (Flores et al., 2008) , as used here, the tillage systems and fertilizer placements did not affect these properties to an extent that would restrict root growth (Marcolan & Anghinoni, 2006) . Also, this experiment was performed in a well-structured native grassland area where the better initial soil physical conditions contributed to a weaker impact of soil tilling. Thus, long-term no tilling with row fertilizations increased the P levels in depth and also contributed to root growth.
Higher mean available P contents along the soil profile in the ST/Stp treatment did not result in higher root growth (Figure 2b ) or distribution in deeper layers (Table 1) . This may be due to the fact that available P contents in soil layers do not represent the degree and intensity of fertilizer mixing with the soil, which can vary in both horizontal and vertical directions, as verified in the soil monoliths sampled in the experimental area. Therefore, P (Mehlich-1) and root spatial distribution were influenced by soil tillage and fertilizer treatment (Figures 3 and 4a,b,c,d ,e,f). We observed significant spatial variation in the evaluated properties affected by fertilizer treatment, and by the incorporation or not into the soil; by the formation of microsites by fertilizer granules (Sousa & Volkweiss, 1987) ; by the sampling procedures; and by the high variability of P concentrations and root distribution in the soil (Dwyer et al., 1996) .
Although P was applied at the same rate throughout the experiment, the P content varied greatly, when comparing fertilizer treatments in the same tillage system or in different tillage systems with the same fertilizer treatments. In the fertilizer treatments that enrich a small soil volumes (row or band), the available P content, about 100 to 200 mg dm -3 , contrasted with the values (~50 mg dm -3 ) observed in soils treated with P by broadcast application (Figures 3 and 4) . High levels of P, reaching 200 mg dm -3 in the ST/Stp (Figure 3c ), were unexpected since the soil was tilled annually, despite being a 20 cm strip (in contrast to the row placements, which exhibited lower peaks, around 100 mg dm -3 ). On the other hand, values around 40 mg dm -3 in the 0-15 cm layer in the CT/Brd treatment (Figure 4a ) reflect the effect of fertilizer incorporation into the soil, assuming the absence of P soil stratification. The extremely high levels of available P observed at certain locations, as revealed by the soil monoliths (Figures 3  and 4) , represent the nutrient variability in the soil, as reported by Klepker & Anghinoni (1993) and Schlindwein & Anghinoni (2000a,b) .
On average, root distribution followed P fertilizer treatment; however, some root density values varied in relation to the soil tillage system, as seen in the most shallow surface layer (0-5 cm), with values ranging from 25 to 10 cm cm -3 for NT/Brd (Figure 3d ) and CT/Brd (Figure 4d ), respectively. On the other hand, root accumulation in the seed-rows, due to row applications, resulted, in the 0-5 cm layer, in peaks around 25 cm cm -3 for the NT/Row (Figure 3e ) and CT/Row systems (Figure 4e ). This trend, also observed for P distribution, demonstrates that the degree of the fertilized soil volume significantly affects root distribution throughout the soil profile. When the fertilizer was strip-applied, root distribution was deeper. CT/Stp (Figure 4f ) seems to have favored a more homogeneous root distribution throughout the soil profile, whereas in ST/Stp (Figure 3f ) roots were more concentrated in the zone where the fertilizer was mixed with soil. These results indicate, as suggested by Ball-Coelho et al. (1998) , that as the volume of soil mobilization increases, root vertical growth is favored, in contrast to the no-tilling system where this distribution occurs mainly horizontally.
Fertilizer treatments in this study resulted in more variable P availability when compared to the results observed by Klepker & Anghinoni (1993) , whereas root density values were similar. The higher values observed in our study can be explained by the remaining P after the successive P applications in the 18 years of this study.
Higher root length values occurred in NT, in both Brd and Row placements, regardless of the fertilizer treatment (Table 2) . However, the different root length values did not affect shoot dry matter production (SDMP) or P shoot accumulation. Higher root length values in soils under well-established NT system (> 10 years) were also observed by Wang et al. (1986) and Rasse & Smucker (1998) . Where the NT system had been used for < 10 years, however, lower (19 %) values were observed in soils under NT than CT (Qin et al., 2005) .
Higher SDMP and PA values were observed in the CT/Brd and ST/Stp systems, with more uniform P and root distribution in the soil profile (Table 2) , as reported by Klepker & Anghinoni (1993) . However, these authors found higher EPU values than those observed here. Extremely high levels of available P, under row and strip fertilizer treatments, could limit P absorption due to excessive root growth and reduced water availability in these root-rich zones. Soil salinity effects, as a consequence of simultaneous potassium chloride application with P fertilization, may have contributed to these differences.
For the soil in this study, with low P sorption capacity and intermediate initial available P values, P availability near corn roots has great relevance for early crop development. According to Havlin et al. (2005) , the importance of local fertilization for initial crop development can be summarized as two main effects: (1) increased root-P contact, reducing the effects of P sorption by the soil; (2) increasing P concentrations in this region ameliorate absorption conditions. The latter effect appears to have been most relevant in the present study. The 150 kg P 2 O 5 applied is equivalent to a concentration of 1,450 mg kg -1 of P in the soil [considering 5 cm wide and 7 cm deep rows and 1m between rows: P applied in row (66 kg)/ fertilized volume (10 000 x 0.05 x 0.07 m = 35 m 3 ) → considering an average soil density in this layer of 1,300 kg m 3 : 66 kg of P in (35 x 1,300) = 1450 mg kg -1 of P in the soil]. Phosphorus levels of 500 mg kg -1 (Peryea, 1990) and 400 mg kg -1 (Klepker & Anghinoni, 1993) , in the context of row fertilization, limited root growth. For the first case, the authors attributed the reduced growth to apical meristem damage; in the latter case, restricted root growth was attributed to both soil drying and salinity in the root-rich zone. This effect could have been enhanced by the application of KCl together with superphosphate fertilization. Although high root density values were observed in response to elevated P concentrations, P absorption by corn did not seem to be affected in the same way. Despite the adopted tillage system or fertilizer placement, after 18 years, soil has reached a high P status. Thus, in such highly fertile soil, nutrient transport to the root surface does not limit uptake by the crop, even low concentrations in the soil solution are adequate to ensure supply by diffusion (Barraclough, 1989) . The concentration of P in the soil solution is of primary importance for P root supply and is affected by microbial activity and other physical properties such as aeration and soil moisture (Barber, 1995) . The need of measuring other properties, as already stated, is crucial for a more concrete discussion on the P-root-shoot-soil interactions, especially considering that continuous temperature, hydric and atmospheric oscillations induce alterations, both in root and shoot growth, so the root-shoot relation in field conditions is variable (Qin, 2003) . Studies that evaluate root and corn growth require special attention, to find a specific approach since the different soils properties are key to the observation of mechanisms involved in nutrient availability and use efficiency. This long-term study provided insights into how, regardless of the tillage system, P distribution in the soil affects root distribution. It seems reasonable that other studies, approaching other soil physical (i.e. aeration), chemical (i.e. speciation) and biological (i.e. phosphatase activity) properties will also obtain important results related to P supply and how it affects corn growth and, consequently, the efficiency of P utilization.
CONCLUSIONS
1. Despite the degree of soil mobilization, superphosphate resulted in the accumulation of P and root density in the fertilized soil volume in the long term, particularly in the 0-10 cm layer.
2. Soil under no-tillage system resulted in more roots than in other tillage systems, except for those involving fertilizer treatments.
3. Although tillage system and fertilizer treatments affected P absorption and corn growth, the efficiency of P utilization was not affected. 
